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Leptonic decay constants

!2

0.16%

small errors due to 
✦ physical light quark masses 
✦ improved light-quark actions 
✦NPR or no renormalization

S. Aoki et al [FLAG review 2019, arXiv:1902.08191]

Testing first-row CKM unitarity
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+ Recent determinations of radiative corrections relevant for the
extraction of |Vud| from superallowed � decays (still controversial): Add
references and distinguish between Czarnecki, Marciano & Sirlin (CMS)
and Seng, Gorchtein, Patel & Ramsey-Musolf (SGPRM), to use in the
plots

Precise Lattice QCD calculations of kaon and pion decay parameters and first-row CKM unitarity tests

Lattice input for CKM 
determination:   

Can be used with ! from nuclear 
! decay to determine ! .   

|Vud |
β |Vus |

Needed to relate pure QCD decay 
constant to experiment. Currently 
estimated phenomenologically. 
[Cirigliano et al, arXiv:1107.6001, RMP 2012]

http://arxiv.org/abs/arXiv:1902.08191
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Kℓ3 form factor

!3

0.2%

A. Bazavov et al [FNAL/MILC, arXiv:1809.02827, 2019 PRD]

PACS 2019 (! )a ≃ 0.09 fm

small errors due to 
✦ physical light quark masses 
✦ improved light-quark actions 
✦NPR or no renormalization
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Precise Lattice QCD calculations of kaon and pion decay parameters and first-row CKM unitarity tests

Needed to relate 
pure QCD form 
factor to experiment. 
Mode dependent. 

Needed to include 
charged kaon decay 
in the experimental 
average.

[Cirigliano et al, arXiv:1107.6001, RMP 2012]. 
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Precise Lattice QCD calculations of kaon and pion decay parameters and first-row CKM unitarity tests

Needed to relate 
pure QCD form 
factor to experiment. 
Mode dependent. 

Needed to include 
charged kaon decay 
in the experimental 
average.

[Cirigliano et al, arXiv:1107.6001, RMP 2012]. 

➠Lattice results have reached the ``QED wall”: 
• QED effects now important source of 

uncertainty 
• further improvement of theory error requires 

inclusion of QED in lattice calculation
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Implications for |Vus|
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Tensions with leptonic determinations:  
•                  : 1.6𝜎 
•                                    : 2.2𝜎
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Tension with CKM  
unitarity: 2-5𝜎

Testing first-row CKM unitarity
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	Unitarity	with	|Vud|=0.97366(15),	RC	from	Seng	et	al.	2018	
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Tensions with first-row unitarity at 2-5� level

(Plot with di↵erent values of �u instead?)

- Internal tensions between leptonic and semileptonic determinations
of |Vus| (with |Vud| as external input)

Precise Lattice QCD calculations of kaon and pion decay parameters and first-row CKM unitarity tests

A. Bazavov et al [FNAL/MILC, arXiv:1809.02827, 2019 PRD]
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A. Bazavov et al [FNAL/MILC, arXiv:1809.02827, 2019 PRD]

FLAG	2019	average	fK+/fπ+

FNAL/MILC	2019	f+
Kπ(0)

|Vus/Vud|
Kl2	+	|Vud|

SGPRM

|Vus/Vud|
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CMS
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CMS

Δu
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CMS: [Czarnecki, Marciano, Sirlin, hep-ph/0406324,  
           2004 PRD; 1907.06737, 2019 PRD] 
SGPRM: [Seng, et al, 1807.10197, 2018 PRL; 1812.03353, 
                2019 PRD; 1812.04229, 2019 PRL]
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 1st row CKM unitarity test without using !  from nuclear decay. 
Currently: 
 
 

• refining analysis of leptonic decay constants to combine with  Kℓ3 form 
factor, taking correlations into account.  

• determine lattice spacing from different quantity (not !  and ! , which 
uses ! )  ➠ enables !  determination from !  

Continue program on MILC HISQ  
ensembles 

|Vud |

πℓ2 fπ
|Vud | |Vud | fπ

On-going projects

!5

On-going projects

Testing first-row unitarity with kaon decay inputs alone FNAL-MILC,

PRD99 (2019) 11, 1809.02827 (without still controversial |Vud| from
superallowed � decays)

�u = �0.0151(38)f+(0)(36)fK±/f⇡± (36)exp(27)EM 2.2� tension

- Refining leptonic decay constants analysis and include
correlations with semileptonic form factors.
Note: can also reduce (a little) the error from f+(0) since it
will provide some LECs that enter in its calculation with better
precision.

Important for several projects: Scale setting based on external input
other than f⇡ –see somebody else talk?

Direct calculation of f⇡ on the lattice.

Precise Lattice QCD calculations of kaon and pion decay parameters and first-row CKM unitarity tests

FIG. 6. Distribution of four-flavor QCD gauge-field ensembles used in this work. Ensembles that
are new with respect our previous analysis [23] are indicated with black outlines. Ensembles with
unphysical strange-quark masses are shown as gold disks with orange outlines. The area of each
disk is proportional to the statistical sample size Nconf ⇥ Nsrc. The physical, continuum limit is
located at (a = 0, M⇡ ⇡ 135 MeV).

charm and bottom quarks with controlled discretization errors. Figure 7 shows the range
of valence heavy-quark masses used in our analysis. On the coarsest a ⇡ 0.15 and 0.12 fm
ensembles, we have only two values mh = 0.9m0

c
and m

0
c
; on our finest a ⇡ 0.042 and 0.03 fm

ensembles, however, we have several heavy-quark masses between 0.9m0
c

 mh  5m0
c
,

reaching just above the physical b-quark mass. Second, as discussed in Sec. III, we have
large statistical sample sizes, with about 4,000 samples on most ensembles and large lattice
volumes; the resulting errors on the decay constants range from 0.04% to 1.4%.

Because of the breadth and precision of the data set, it is a challenge to find a theo-
retically well-motivated functional form that is sophisticated enough to describe the whole
data set. We therefore rely on several EFTs to parameterize the dependence of our data
on each of the independent variables just described: Symanzik e↵ective field theory for lat-
tice spacing dependence [37], chiral perturbation theory for light- and strange-quark mass
dependence, and heavy-quark e↵ective theory for the heavy-quark mass dependence. These
EFTs are linked together within heavy-meson rooted all-staggered chiral perturbation the-
ory (HMrAS�PT) [64]. Here we use the one-loop HMrAS�PT expression to describe the
nonanalytic behavior of the interaction between pion (and other pseudo-Goldstone bosons)
and the heavy-light meson, and supplement it with higher-order analytic functions in the
light- and heavy-quark masses and lattice spacing to enable a good correlated fit.

Even with these additional terms, however, the extrapolation a ! 0 and the interpolation
mh ! mb oblige us to restrict the range of amh. In practice, we are able to obtain a good
correlated fit of our data with heavy-quark masses amh  0.9. Note, however, that our final
fit function describes even the data with amh > 0.9 quite well.

20

MILC nf = 2+1+1
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Future possibilities
 Calculate QED corrections (including radiative corrections) directly in 
lattice QCD+QED. 

• Methods being developed for isospin and radiative corrections. 
First lattice results [DiCarlo, et al, 1904.0873, 2020 PRD; Kane at al, 1907.00279; 
Desiderio et al, 2006.05358]   

• builds on our program calculating QED corrections to !  LO 
HVP [S. Gottlieb, LOI presentation in RF3]  

• extend to !  decays. [A. Kronfled, LOI presentation in RF1] 

 Rare kaon processes: promising channels for New Physics searches + 
active exp. program (NA62, KOTO, KOTO-II, KLEVER, LHCb) 

• quantification of long-distance contributions 

• already first results by RBC/UKQCD [N. Christ et al, 1608.07585, 2016 PRD; 
1910.10644, 2019 PRD] 

• plan to build on infrastructure for QED corrections and inclusive 
decay rates [W. Jay, LOI presentation in RF1] 

(g − 2)μ

B, D
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<latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit><latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit><latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="U72WkFL0hUvJMFCaFETX/GAYzJk=">AAAB6XicbZDNSgMxFIXv1L9aq1a3boJFqAhlxo0uBTeCmwr2B9qxZNI7bWgmMyaZQhn6HG5cKOILufNtzLRdaOuBwMc5CffmBIng2rjut1PY2Nza3inulvbK+weHlaNyS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj2zxvT1BpHstHM03Qj+hQ8pAzaqzlh/2Lp+y+l/BZzT3vV6pu3Z2LrIO3hCos1ehXvnqDmKURSsME1brruYnxM6oMZwJnpV6qMaFsTIfYtShphNrP5kvPyJl1BiSMlT3SkLn7+0VGI62nUWBvRtSM9GqWm/9l3dSE137GZZIalGwxKEwFMTHJGyADrpAZMbVAmeJ2V8JGVFFmbE8lW4K3+uV1aF3WPcsPLhThBE6hBh5cwQ3cQQOawOAZXuAN3p2J8+p8LOoqOMvejuGPnM8fQcmP5A==</latexit><latexit sha1_base64="U72WkFL0hUvJMFCaFETX/GAYzJk=">AAAB6XicbZDNSgMxFIXv1L9aq1a3boJFqAhlxo0uBTeCmwr2B9qxZNI7bWgmMyaZQhn6HG5cKOILufNtzLRdaOuBwMc5CffmBIng2rjut1PY2Nza3inulvbK+weHlaNyS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj2zxvT1BpHstHM03Qj+hQ8pAzaqzlh/2Lp+y+l/BZzT3vV6pu3Z2LrIO3hCos1ehXvnqDmKURSsME1brruYnxM6oMZwJnpV6qMaFsTIfYtShphNrP5kvPyJl1BiSMlT3SkLn7+0VGI62nUWBvRtSM9GqWm/9l3dSE137GZZIalGwxKEwFMTHJGyADrpAZMbVAmeJ2V8JGVFFmbE8lW4K3+uV1aF3WPcsPLhThBE6hBh5cwQ3cQQOawOAZXuAN3p2J8+p8LOoqOMvejuGPnM8fQcmP5A==</latexit><latexit sha1_base64="uT+iG5a8PTJ2EIWp3A4InwLL87Q=">AAAB9HicbZDLSgMxFIbPeK31VnXpJliEilBm3Oiy6EZwU8FeoB1LJs20oZnMmJwplKHP4caFIm59GHe+jelloa0/BD7+cw7n5A8SKQy67rezsrq2vrGZ28pv7+zu7RcODusmTjXjNRbLWDcDargUitdQoOTNRHMaBZI3gsHNpN4Ycm1ErB5wlHA/oj0lQsEoWssPO+eP2V07EeOSe9YpFN2yOxVZBm8ORZir2il8tbsxSyOukElqTMtzE/QzqlEwycf5dmp4QtmA9njLoqIRN342PXpMTq3TJWGs7VNIpu7viYxGxoyiwHZGFPtmsTYx/6u1Ugyv/EyoJEWu2GxRmEqCMZkkQLpCc4ZyZIEyLeythPWppgxtTnkbgrf45WWoX5Q9y/dusXI9jyMHx3ACJfDgEipwC1WoAYMneIZXeHOGzovz7nzMWlec+cwR/JHz+QOCFJE/</latexit><latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit><latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit><latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit><latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit>

fK+/f⇡+
<latexit sha1_base64="98wF9Gg8GTtoUSX4yXlB2uCrJe0=">AAAB+nicbZDLSgMxFIbP1Futt6ku3QSLIAh1pgq6LLoR3FSwF2jHIZNm2tBMZkgyShn7KG5cKOLWJ3Hn25heFtp6IOTj/88hJ3+QcKa043xbuaXlldW1/HphY3Nre8cu7jZUnEpC6yTmsWwFWFHOBK1rpjltJZLiKOC0GQyuxn7zgUrFYnGnhwn1ItwTLGQEayP5djH0s5v749GJuTsJM+TbJafsTAotgjuDEsyq5ttfnW5M0ogKTThWqu06ifYyLDUjnI4KnVTRBJMB7tG2QYEjqrxssvoIHRqli8JYmiM0mqi/JzIcKTWMAtMZYd1X895Y/M9rpzq88DImklRTQaYPhSlHOkbjHFCXSUo0HxrARDKzKyJ9LDHRJq2CCcGd//IiNCpl97RcuT0rVS9nceRhHw7gCFw4hypcQw3qQOARnuEV3qwn68V6tz6mrTlrNrMHf8r6/AGch5OU</latexit>

fK⇡
+ (0)

<latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit><latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit><latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="U72WkFL0hUvJMFCaFETX/GAYzJk=">AAAB6XicbZDNSgMxFIXv1L9aq1a3boJFqAhlxo0uBTeCmwr2B9qxZNI7bWgmMyaZQhn6HG5cKOILufNtzLRdaOuBwMc5CffmBIng2rjut1PY2Nza3inulvbK+weHlaNyS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj2zxvT1BpHstHM03Qj+hQ8pAzaqzlh/2Lp+y+l/BZzT3vV6pu3Z2LrIO3hCos1ehXvnqDmKURSsME1brruYnxM6oMZwJnpV6qMaFsTIfYtShphNrP5kvPyJl1BiSMlT3SkLn7+0VGI62nUWBvRtSM9GqWm/9l3dSE137GZZIalGwxKEwFMTHJGyADrpAZMbVAmeJ2V8JGVFFmbE8lW4K3+uV1aF3WPcsPLhThBE6hBh5cwQ3cQQOawOAZXuAN3p2J8+p8LOoqOMvejuGPnM8fQcmP5A==</latexit><latexit sha1_base64="U72WkFL0hUvJMFCaFETX/GAYzJk=">AAAB6XicbZDNSgMxFIXv1L9aq1a3boJFqAhlxo0uBTeCmwr2B9qxZNI7bWgmMyaZQhn6HG5cKOILufNtzLRdaOuBwMc5CffmBIng2rjut1PY2Nza3inulvbK+weHlaNyS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj2zxvT1BpHstHM03Qj+hQ8pAzaqzlh/2Lp+y+l/BZzT3vV6pu3Z2LrIO3hCos1ehXvnqDmKURSsME1brruYnxM6oMZwJnpV6qMaFsTIfYtShphNrP5kvPyJl1BiSMlT3SkLn7+0VGI62nUWBvRtSM9GqWm/9l3dSE137GZZIalGwxKEwFMTHJGyADrpAZMbVAmeJ2V8JGVFFmbE8lW4K3+uV1aF3WPcsPLhThBE6hBh5cwQ3cQQOawOAZXuAN3p2J8+p8LOoqOMvejuGPnM8fQcmP5A==</latexit><latexit sha1_base64="uT+iG5a8PTJ2EIWp3A4InwLL87Q=">AAAB9HicbZDLSgMxFIbPeK31VnXpJliEilBm3Oiy6EZwU8FeoB1LJs20oZnMmJwplKHP4caFIm59GHe+jelloa0/BD7+cw7n5A8SKQy67rezsrq2vrGZ28pv7+zu7RcODusmTjXjNRbLWDcDargUitdQoOTNRHMaBZI3gsHNpN4Ycm1ErB5wlHA/oj0lQsEoWssPO+eP2V07EeOSe9YpFN2yOxVZBm8ORZir2il8tbsxSyOukElqTMtzE/QzqlEwycf5dmp4QtmA9njLoqIRN342PXpMTq3TJWGs7VNIpu7viYxGxoyiwHZGFPtmsTYx/6u1Ugyv/EyoJEWu2GxRmEqCMZkkQLpCc4ZyZIEyLeythPWppgxtTnkbgrf45WWoX5Q9y/dusXI9jyMHx3ACJfDgEipwC1WoAYMneIZXeHOGzovz7nzMWlec+cwR/JHz+QOCFJE/</latexit><latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit><latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit><latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit><latexit sha1_base64="SnKFxRNbhQ6cYSXJsH2WF03lLaI=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiVIQyI4Iui24ENxXsBdqxZNJMG5pkxiRTKEOfw40LRdz6MO58G9N2Ftr6Q+DjP+dwTv4g5kwb1/12ciura+sb+c3C1vbO7l5x/6Cho0QRWicRj1QrwJpyJmndMMNpK1YUi4DTZjC8mdabI6o0i+SDGcfUF7gvWcgINtbyw+7ZY3rXidmk7J52iyW34s6ElsHLoASZat3iV6cXkURQaQjHWrc9NzZ+ipVhhNNJoZNoGmMyxH3atiixoNpPZ0dP0Il1eiiMlH3SoJn7eyLFQuuxCGynwGagF2tT879aOzHhlZ8yGSeGSjJfFCYcmQhNE0A9pigxfGwBE8XsrYgMsMLE2JwKNgRv8cvL0DiveJbvL0rV6yyOPBzBMZTBg0uowi3UoA4EnuAZXuHNGTkvzrvzMW/NOdnMIfyR8/kDg1SRQw==</latexit>

 Structure-dependent radiative corrections to! determinations 
from nuclear decay.  

• Help disentangle current tensions 

• First lattice calculation [Feng at al, 2003.09798, 2020 PRL]  

• would build on infrastructure for QED and radiative corrections 

   !  from strange hadronic ! decay 

• alternate determination 

• Expect improved experimental measurements (Belle II, LHCb, …) 
➠ potential for competitive result  

• builds on lattice HVP infrastructure 

• first lattice results from RBC/UKQCD 
 [P. Boyle, 1803.07228, 2018 PRL]

|Vud |

|Vus | τ

Future possibilities


